differences between how brains of very different sizes can process complex visual stimuli like faces, which has tremendous opportunities for understanding convergent evolution and possible implications for machine vision.
Endosperm Imprinting: A Child Custody Battle?
Endosperm gene imprinting has long been speculated to control nutrient allocation to seeds. For the first time, an imprinted gene directly involved in this process has been identified.
Philip W. Becraft
Angiosperms and mammals are reproductively similar in that both produce extraembryonic filial tissues dedicated to nutrient acquisition from the maternal parent on behalf of the developing embryo. Interestingly, gene expression in both the endosperm and the placenta is subject to imprinting. That is, some genes show expression biases when inherited from the maternal versus the paternal parent. In mammals, there is substantial evidence that imprinting is important for placental development and fetal nutrition [1] . The analogous function of endosperm in plants suggests that imprinting might be important for similar reasons, but supporting evidence for this hypothesis has been lacking. In a recent issue of Current Biology, Costa et al. [2] provide the first functional evidence that imprinting of an endosperm gene impacts offspring nourishment.
Endosperm is a filial seed tissue that supports embryo growth and development and controls nutrient uptake by the seed. In the endosperm of cereals, transfer tissue forms at the interface with maternal pedicel tissues where vascular solutes are unloaded for uptake by the seed (Figure 1 ). Transfer cells are specialized for transport functions, and therefore function directly in nutrient acquisition by the seed. Endosperm is genetically identical to the embryo except endosperm cells are triploid, inheriting two copies of the maternally-contributed haploid genome and one paternal copy. The maternally-and paternally-inherited genomes are not functionally equivalent -there is a strict requirement for a 2:1 ratio of maternal to paternal genomes (2m:1p) for normal endosperm and seed development, even in Arabidopsis with a mostly transient endosperm [3] [4] [5] . Although endosperm requires a strict genomic ratio for normal development, embryos are able to tolerate varying genomic imbalances, including either maternal or paternal haploidy.
The adaptive implications of endosperm triploidy, genomic imprinting and the requisite genomic ratios have been subject to much theoretical debate and the 'parental conflict' hypothesis most often comes to the fore. In outcrossing species, all the individuals of a brood share the same female parent but typically have mixed paternal parentage. The parental conflict model posits that offspring compete for limited maternal resources and that male parents enjoy a selective advantage when their progeny successfully outcompete siblings with different pollen parents. Conversely, female parents maximize their selective advantage when fitness is evenly allocated amongst their progeny by limiting resource acquisition to equitable levels. Hence, each parent has conflicting interests in the allocation of resources among the progeny. Accordingly, the female is proposed to suppress the expression of growth-promoting genes while the male inhibits genes that limit growth. Alternatively, the 'coadaptation' hypothesis proposes that maternally-expressed genes improve, rather than limit, progeny fitness and should therefore promote seed growth [6] . A basic premise of either model is that the female and male genomes will 'try' to control genes involved in nutrient acquisition and that imprinting is a mechanism to regulate such genes.
Several previous studies have implicated genome balance and imprinting in seed resource acquisition [4, 5, [7] [8] [9] [10] . Transfer tissue appears particularly sensitive to genome imbalances, as it shows aberrant development in maize 2m:2p endosperm from interploidy crosses [8] . Further, DNA methylation is associated with gene imprinting [5] and decreasing genome methylation with either a mutant or antisense transgene of the Arabidopsis MET1 DNA methyltransferase gene decreased seed size when inherited through the male [7, 10] . Such results are consistent with the parental conflict hypothesis because the male would be expected to methylate and inhibit genes that limit growth, although the results do not necessarily contradict the coadaptation hypothesis. Yet, despite considerable information on the molecular genetic mechanisms that control endosperm imprinting [5] and recent genome-wide transcript profiling studies in Arabidopsis, rice and maize [11] [12] [13] , evidence has been lacking for specific imprinted genes that are physiologically relevant to nutrient acquisition -the proverbial 'smoking gun'.
In a recent issue of Current Biology, Costa et al. [2] provide the first functional evidence that an imprinted gene is involved in controlling seed resource allocation. The Maternally expressed gene1 (Meg1) transcript shows parent-of-origin expression differences [14] . In reciprocal crosses, a Meg1 promoter construct was active by four days after pollination if inherited maternally, but paternal activity was not detected until 10 days after pollination. Expression of Meg1 was confined to the basal endosperm transfer tissue, and regulated by the transcriptional activator ZmMRP1. ZmMRP1 is expressed in the basal endosperm prior to cellularization and can promote endosperm transfer cell identity and gene expression [15, 16] . Meg1 produces a small cysteine-rich peptide targeted to the extracellular space of endosperm transfer cells [2, 14] .
In the current study, Costa et al. [2] show that Meg1 is necessary and sufficient for transfer cell specification in maize endosperm. Misexpression of Meg1 induced ectopic transfer tissue formation, while RNAi suppression decreased the extent of transfer tissue differentiation with a corresponding decrease in cell wall invertase activity and endosperm hexose levels. Interestingly, Meg1 also appeared to function upstream of ZmMRP1, suggesting a mutual positive feedback mechanism between the two genes. Significantly, the extent of transfer tissue formation showed a dose-dependent response to Meg1 expression that was regulated by imprinting. Synthetic synMeg1 genes were generated under the control of either the Meg1 promoter, which is subject to imprinting, or the Bet9 promoter, which is transfer-tissue-specific, but not imprinted. Imprinted synMeg1 was only weakly expressed in 0m:1p and showed nearly equal expression in 2m:0p and 2m:1p endosperms. In contrast, non-imprinted synMeg1 expression was directly proportional to gene copy number regardless of parent of origin, with stepwise increases in 0m:1p, 2m:0p and 2m:1p endosperms. Significantly, the extent of transfer tissue differentiation showed a direct positive correlation with synMeg1 transcript levels. Hence, imprinting limited the positive effects of paternal synMeg1 on transfer tissue formation. Seed weight, endosperm size and embryo size showed similar correlations with synMeg1 expression. The endosperm showed greater increases than the embryo, suggesting that MEG1 affects nutrient partitioning between endosperm and embryo. Since Meg1 is maternally expressed and promotes nutrient uptake, these data have been interpreted as fitting the coadaptation hypothesis. However, before this model can be fully concluded, it must be ascertained that the larger kernels are in fact more fit, and the site of imprinting must be determined. In rice, it appears that the paternal alleles of some maternal-specific genes are imprinted after fertilization [12] . If such were the case for Meg1, it would imply that a female-contributed function silenced the paternal allele to limit resource uptake, thus fitting the parental conflict hypothesis. Nonetheless, for the first time, there is direct evidence that imprinting can regulate resource acquisition in angiosperm seeds.
Nutrient allocation is probably not the only function for imprinting. A generally low level of conservation among imprinted genes of Arabidopsis, rice and maize [11] [12] [13] 17] argues that most imprinting is unlikely to control genes critical for seed development (although low conservation levels are observed among imprinted placental genes of mouse and human where important developmental functions are well established [1] ). A frequent association of transposons with imprinted loci [18] suggests that some imprinting may be a manifestation of transposon silencing mechanisms that maintain genome integrity during reproductive development [5] .
In summary, endosperm imprinting is complex, involving multiple mechanisms, and is likely important for multiple functions. While imprinting remains somewhat enigmatic, the Costa et al. report [2] provides evidence that resource acquisition can be directly impacted through imprinting of a specific gene. Reagents developed in this study could be used for further experiments to test the parental conflict versus coadaptation hypotheses.
